Regulation of luminal diameter is critical to the function of small single-celled tubes, of 27 which the seamless tubular excretory canals of C. elegans provide a tractable genetic model. 28
INTRODUCTION 39
Tubule formation is an essential process during development of multicellular organisms, 40 with the narrowest tubes occurring in structures as diverse as Drosophila trachea, floral pollen 41 tubes, and mammalian capillaries (LUBARSKY and KRASNOW 2003; SIGURBJÖRNSDÓTTIR et al. 42 2014) . In C. elegans, the excretory system is comprised of cells that form single-celled tubules 43 of three types: pore cells that wrap around a lumen to form a tube with an autocellular junction 44 ("seamed tube"); a larger duct cell that forms a similar tube followed by dissolution of the 45 junction to form a "seamless" tube; and the large excretory canal cell that extends four long 46 seamless tubules ("canals") throughout the length of the organism (SUNDARAM and BUECHNER 47
2016). 48
Many mutants have been discovered that affect the length, guidance of outgrowth, or 49 lumen diameter of the excretory canals. An initial set of such identified "exc" mutants were 50 mapped (BUECHNER et al. 1999) , and found to include multiple alleles of some exc genes, but 51 In order to identify other genes affecting the process of tubulogenesis and tubule 68 maintenance in the excretory canals, we undertook a targeted genomic RNAi screen to identify 69 excretory canal genes that exhibit lumen alterations ("Exc" phenotypes) when knocked down. 70
This screen confirmed or identified 24 genes preferentially expressed in the canals that showed 71 effects on lumen and/or outgrowth of the excretory canals, including 17 genes with no prior 72 known phenotypic effects on the canals. In addition, two knockdowns suppressed effects of 73 mutation of the exc-5 vesicle-recycling gene, and therefore represent potential regulators of 74 vesicle transport needed for single-cell tubulogenesis. 75
MATERIALS AND METHODS 77

Nematode genetics: 78
C. elegans strains (Table 1) were grown by use of standard culture techniques on lawns 79
of Escherichia coli strain BK16 (a streptomycin-resistant derivative of strain OP50) on nematode 80 growth medium (NGM) plates (SULSTON and HODGKIN 1988 ). All strains were grown and 81 evaluated for canal phenotypes at 20 o C. Worms observed in this study were young adults or 82
adults. 83
Each nematode strain (wild-type N2, and exc-2, exc-3, exc-4, exc-5, and exc-7) was 84 crossed to strain BK36, which harbors a chromosomal insertion of a canal-specific promoter 85 driving cytoplasmic GFP expression (Pvha-1::gfp). Strains were then sensitized for RNAi 86 treatment by crossing them to mutant strain BK540 (a strain carrying rrf-3(pk1426) in addition to 87 the same chromosomal gfp insertion as above) and selecting in the F2 generation for 88 homozygous rrf-3 deletion allele and appropriate exc mutation. (As exc-7 maps very close to rrf-89 3, the exc-7 strain carrying gfp was not crossed to BK540 and was not sensitized to RNAi). For 90 all sensitized strains, the rrf-3 deletion was confirmed via PCR using the forward primer 91 . As a negative control, we 93 crossed BK36 to RNAi-refractive strain NL3321 sid-1(pk3321). 94 incubated with rotation at 37 o C for ninety minutes followed by re-induction with IPTG and 102 ampicillin, and another ninety minutes of incubation at 37 o C with rotation. Finally, IPTG and 103 ampicillin were added for the last time right before using these bacteria to seed NGM in 12-well 104 plates and Petri dishes. Plates were then incubated at room temperature for 24 hours in order to 105 dry. L2 worms were added to the plates, and their F1 progeny were evaluated for phenotypes in 106 the excretory canals. Each set of genes tested was induced together with induction of the sid-1 107 negative control strain BK541 and of two positive control strains: a plate of bacteria induced to 108 knock down dpy-11 (which affects the hypoderm but not the canals) (BRENNER 1974) , and a 109 plate of bacteria induced to knock down erm-1 bacteria, which causes severe defects in excretory 110 canal length and lumen diameter (KHAN et al. 2013 ), respectively. Induction was considered 111 successful and plates were screened only if worms grown on the control plates showed the 112 appropriate phenotypes in at least 80% of the surviving progeny. 113
For each tested gene, the induced bacteria were seeded on one 12-well plate and one 114 60mm plate. Two or three L2 nematodes were placed on the bacterial lawn of each well, and 115 screened for phenotypes in the 4 th , 5 th , and 6 th days of induction. Each gene was tested via RNAi 116 treatment of twelve different strains of worms, shown in For measuring effects of suppression of the Exc-5 phenotype, excretory canal length and 134 cystic and suppression phenotypes were measured and analyzed as described (TONG and 135 BUECHNER 2008). Canal length was scored by eye on a scale from 0-4: A score of (4) was 136
given if the canals had grown out to full length; canals that extended halfway past the vulva 137 (midbody) to full-length were scored as (3); at the vulva (2); canals that ended halfway between 138 the cell body and the vulva were scored as (1); and if the canal did not extend past the cell body, 139 the canal was scored as (0). For statistical analyses, canals were binned into three categories for 140 length (scores 0-1, scores 1.5-3.0, and score 3.5-4), and the results then analyzed via a 3x2 141 
Excretory Canal Phenotypes 200
The common feature of all of these knockdown animals is that the posterior canals did 201 not extend fully to the back of the animal ( Table 2 ). The length of the canal lumen was often the 202 same as the length of the canal cytoplasm, but in many cases the visible lumen (seen as a dark 203 area in the center of the GFP-labelled cytoplasm) was substantially shorter than the length of the 204 canal cytoplasm. 205
In addition to effects on canal length, the shape and width of the canal lumen and/or canal knockdowns of these two genes suggests that CEH-6 regulates a wider range of genes than does 270
CEH-37. 271
Knockdown of dhhc-2 shows a similar phenotype, although bead size and placement 272 appears more irregular than for the above knockdowns (Fig. 3) . Close examination of the beads 273
shows numerous small dark spots consistent with the presence of many vesicles of varying sizes 274 within the beads ( Finally, the "bead" phenotype is also seen in knockdown of mxt-1, an RNA-binding 281 protein that binds to eukaryotic initiation factor 4E to regulate translation rates (PETER et al. 282 2015) (Fig. 3E) . 283 SWELLING AT END OF LUMEN: The largest group of knockdown animals showed a 284 substantial swelling at the distal tip of generally normal-diameter canals (Fig. 4) . In some cases, 285 the swelling appears to be caused by accumulation of a convoluted lumen folded back on itself, 286 while in other knockdowns this swelling could reflect accumulation of a large number of vesicles 287 at the end of the lumen. A combination of these structures also appears in many animals.discussed above, ceh-37 and mop25.2, sometimes showed a highly convoluted lumen primarily 290 at the distal tip (Fig. 4C, 4H ), possibly reflecting weaker knockdown than in other examples 291 where the entire lumen was affected. Knockdown of another gene, best-3, showed a similar 292 effect (Fig. 4G ). This gene encodes one of a large family of chloride channels homologous to 293 human bestrophins, chloride channels found in muscle, neurons, and the eye, that are essential 294
for Ca ++ signaling, and defective in retinal diseases (STRAUSS et al. 2014) . 295
Knockdowns of gst-28 and of fbxa-183 (Fig. 4A, 4D has not, to our knowledge, been observed before within the excretory canals (Fig. 5) . 334
Knockdown of the gene K11D12.9 (which will be referred to as exc-14) exhibited an 335 extraordinary increase of vesicles in the cytoplasm of the canal, terminating in a large irregular 336 swelling at the end of the canal (Fig. 5A, 5A' ). This swelling is unusual in that the lumen of thepuffs out at the basal side of the cell, which is surrounded by (and extensively connected via 339 innexins to) the hypoderm and by basement membrane abutting the pseudocoelom (NELSON et 340 al. 1983) . GFP labelling of the cytoplasm showed the thick layer of canaliculi surrounding the 341 lumen, which is surrounded by a cytoplasm packed with vesicles of variable size. K11D12.9 342 encodes a protein containing a RING finger domain at the C-terminus, with BLASTP homology 343 to potential ubiquitin E3-ligases found in plants and animals. 344
Knockdown of several other genes gave rise to vesicles of varying size in the cytoplasm 345 plus irregular swellings to the side of the canal, some primarily at the terminus of the lumen, and 346 in some cases along the length of the canals (Fig. 5B-5F ). These included some animals knocked 347 down in the F-Box gene fbxa-183, discussed above. Knockdowns of T08H10.1 (which will be 348 referred to as exc-15) or of H09G03.1 (exc-16) showed increasing amounts of variable-sized 349 vesicles in the canal cytoplasm towards the distal ends of the canals, together with increasing 350 numbers of irregular cysts in the lumen (Fig. 5C, 5D ). H09G03.1 has no conserved domains, appearing on the basal surface of the canals in just a few seemingly random spots along the 357 length of the canals (Fig. 5E, 5F ). C03G6.5 (exc-17) encodes another protein found only in (Fig. 6) . Some animals exhibited beads 377 surrounding a normal-diameter lumen (Fig.6A) , similar to animals under slow growth or osmotic 378 stress, as in Fig. 3 . Other animals showed small septate cysts in the canal lumen, but the canal 379 lumen overall was generally of near-normal diameter, and the basal surface had mostly minor 380 irregularities (Fig. 6B) , similar to animals knocked down for exc-15 (Fig. 5D ). Other vha-5 381 knockdown animals also exhibited a similar luminal phenotype, but also showed large vesicles 382 within a highly irregularly shaped cytoplasm (Fig. 6C) , similar to animals impaired in exc-17 orrange of defects seen in animals knocked down may reflect the very strong phenotype of the null 387 mutant (embryonic lethal), and the wide range of expression of dsRNA that can occur through 388 feeding RNAi. The variability of phenotype also indicates that the range of mutant phenotypes 389 described above for various gene knockdowns may represent variable expression of dsRNAs that 390 affect a common set of coordinated pathways that function to create and maintain the 391 complicated shape of the excretory canals; these pathways include gene transcription, ion and 392 small molecule transport, cell cytoskeleton, cell-cell communication, and movement and 393 function of vesicles. 394
Other Phenotypes 395
While the focus of this RNAi screen centered on excretory canal morphology, a few other 396 phenotypes were noticed, including occasional effects on gonadal shape, fertility, and viability. 397
In many exc mutants, the shape of the hermaphrodite tail spike is affected (BUECHNER et al. 398 1999), and similar strong results were reproducibly observed here for multiple RNAi 399 knockdowns (Fig. 7) . In addition to the knockdowns shown (for genes exc-11, exc-14, egal-1, 400 mop-25.2, and inx-12), tail spike defects were also seen in animals knocked down in genes 401 encoding homeobox protein CEH-6, vacuolar ATPase component VHA-5, sedoheptulose kinase 402 EXC-10, aldo-keto reductase EXC-15, and innexin INX-13. The tail spike is formed from the 403 interaction of hypodermal tissue hyp10 with a syncytium of two other hypodermal cells that later 404 undergo cell death (SULSTON et al. 1983) ; it remains to be determined what features this 405 structure has in common with the canals that require the same proteins. 406
Suppressors of the Exc-5 Phenotype 407
Finally, the RNAi screen was also carried out in animals carrying mutations in various anterior and posterior canals (Fig. 8) . Knockdown RNAi of these suppressor genes, both by 424 feeding and by direct dsRNA microinjection, yielded a large number of progeny exhibiting near-425 normal canal phenotypes, with canal length extending near-full-length (Fig. 8D ). We will refer 426 to this phenotype as Suex, for SUppressor of EXcretory defects. In SUEX canals, no obvious 427 septate cysts are evident, although parts of the canal lumen were slightly widened (Fig. 8B, 8C) . 
